Abstract Adsorption characteristics of propan-2-ol on Sorbonorit 4 activated carbon were determined using the breakthrough curve tests in a cyclic electrothermal temperature swing adsorption process. Maximum adsorption capacity, breakthrough time, throughput ratio and length of unused bed were also evaluated. As a result of multiple regeneration, the adsorption capacity of Sorbonorit 4 increased. Electrothermally-induced changes in the internal structure of Sorbonorit 4 and in the chemical composition of its surface were assessed based on adsorption equilibrium measurements by the gravimetric method and X-ray photoelectron spectroscopy (XPS). Three samples of virgin, direct resistively heated and electrothermally regenerated Sorbonorit 4 were used. The structural characteristics of activated carbon show that that fresh and direct resistive heated Sorbonorit 4 has a bimodal structure. Regenerated activated carbon contains one fraction of micropores. XPS analysis revealed that the same hydroxyl, carbonyl and carboxyl groups were found on the surface of all Sorbonorit 4 samples, albeit in different volume ratios. Regenerated Sorbonorit 4 has higher adsorption capacity than pure adsorbent while resistively heated Sorbonorit 4 displays lower adsorption efficiency.
Introduction
Activated carbon is widely used in adsorption systems for gas separation and air purification with recovery of valuable compounds. It is also used as catalyst support in chemical processes (Rodriguez-Reinoso 1998) . Adsorption systems enable recovery of volatile organic compounds (VOC) emitted from small emission sources (Coss and Cha 2000) , including propan-2-ol (IPA). VOC recovery is generally conducted in columns with adsorbent fixed-beds in temperature swing adsorption (TSA) systems. Activated carbon adsorption capacity gradually deteriorates during the process which inhibits its purification efficiency. Once the boundary VOC concentration has been reached in a purified gas, the waste adsorbent is thermal regenerated in situ. However, TSA is a long-lasting and energy-consuming process and desorption produces very dilute gas mixtures that require further treatment. The porous structure of regenerated activated carbon may be changed, resulting in reduction of its adsorption capacity in successive adsorption cycles (Ania et al. 2004) .
Electrothermal regeneration offers a real alternative to thermal methods. The spent adsorbent is heated following direct conversion of electromagnetic energy into thermal energy which occurs simultaneously throughout the whole bed volume. The method benefits from much shorter heating time, better control of the process, high safety level, process automation and reduction of equipment size (Petkovska et al. 2007 ). Electrothermal methods can be used to regenerate various types of activated carbon, including granular activated carbon, activated carbon fiber cloth (ACFC) or activated carbon monolith (Luo et al. 2006) . Regeneration is typically conducted using the direct resistance heating method (Hashisho et al. 2009; Grande et al. 2009; Downarowicz and Gabruś 2008) or the microwave method (Hashisho et al. 2005) . The former uses Joule effect of direct flowing electric current. A regenerated adsorbent bed is placed between a pair of electrodes while voltage is applied to them. The current flows through aromatic parts of pseudo-graphitic domains and p-electrons are voltage carriers (Celzard et al. 2000) . The method requires activated carbon to have adequate electric conductivity (Hashisho et al. 2009 ). Microwave heating is the effect of absorption of microwave energy by the adsorbent in an electromagnetic field. The dielectric properties of an adsorbent-adsorbate system play a decisive role in the method's effectiveness (Jou et al. 2010 ). The method is also used to modify the surface chemistry of active carbons (Li and Li 2012; Figueiredo et al. 1999; Shen et al. 2008) .
The literature contains few reports on the effect of resistive heating on adsorption properties of activated carbon, and particularly its granulated type. However, it is essential to understand the nature of the process in order to be able to properly design ETSA recovery systems which should be able to offer better efficiency of VOC recovery to classical TSA systems. The aim of the present study was to assess the influence of direct resistive heating on the adsorption characteristics of Sorbonorit 4 activated carbon used for IPA vapour adsorption in a cyclic ETSA process.
Experimental section

Materials
Activated carbon Sorbonorit 4 was purchased from Norit Americas Inc., Netherlands. It is a steam activated extruded carbon with cylindrical particles with diameter of 3.8 mm and length of 5-13 mm (Gu et al. 1999) . Owing to its favourable adsorption properties (BET surface area 1;400 m 2 =g), it is used in solvent recovery applications. This type of activated carbon was chosen out of other commercial carbon adsorbents owing to its electrical properties enabling an effective use of the resistive heating method (Paderewski and Downarowicz 2002) . Prior to tests virgin Sorbonorit 4 was dried at 378 K for 24 h and stored in a desiccator until used. Propan-2-ol (IPA) with analytical purity of 99.7 % purchased from Chempur (Poland) was used as the adsorbate. The basic properties of IPA are presented in Table 1 .
It is a colourless, flammable liquid with a strong odour. The lower explosive limit for IPA is 2.0 % (Yaws 2003 ).
The alcohol is widely used as a washing, cleaning and dehydrating agent.
Methods
Adsorption of IPA vapours in ETSA system
Figure 1 presents the experimental set-up of ETSA system for IPA vapour capture from air. The process was conducted in a glass adsorption column (0.055 m i.d.) with Sorbonorit 4 fixed-bed with the mass of 0.26 kg and height of 0.27 m. Voltage was applied across copper, profiled electrodes placed at both ends of the bed. Their construction was discussed at length elsewhere (Downarowicz and Nastaj 2002) . The bed temperature during ETSA process was monitored by type K thermocouples mounted horizontally along vertical axis of the adsorption column. The thermocouples are connected to a temperature data logger (ACR Systems Inc., Smart Reader Plus 6) controlled by a personal computer. The ambient temperature is also monitored.
The ETSA process cycle consists of adsorption, electrothermal regeneration and cooling steps. Gas mixture for adsorption stage of ETSA process was generated by mixing IPA with purified air. Compressed air was passed through desiccant dryers (Kaeser, model DC 1.5-7.5) in order to minimize the effect of moisture during adsorption process. Dried air stream passed through the organic vapour generator (static mixer) while liquid IPA was injected into the gas stream using a hypodermic needle and a syringe pump (KD Scientific, model 100). The air flow rate was measured and controlled by a mass flow controller (Aalborg, model GFC 47). The resulting gas-vapour mixture was passed through a cylindrical adsorption column. The cleaned gas was then vented to the atmosphere. Inlet and outlet IPA concentrations were measured using a gas chromatograph with a flame ionization detector. The superficial gas velocity based on an empty column was 0.15-0.25 m/s. During adsorption step the breakthrough curve (BTC) tests were performed. All experiments were conducted at ambient laboratory temperature (295-298 K). In the BTC tests, a IPA-laden air stream with specified concentrations ranging from 5 to 20 g=m 3 was passed through the adsorption bed until the exhaust stream reached a particular breakthrough concentration. Some adsorption cycles were conducted until full bed saturation has been reached, indicated by a stable concentration at the column outlet. Only full BTC curves were analysed. After completion of each breakthrough test, the spent adsorbent was electrothermally regenerated using the direct resistive heating method. The system was feed from the 220 V, 50 Hz mains supply via a variable-voltage transformer applied to regulate voltage. The voltage was kept constant during regeneration, with electric current intensity depending on the fixed bed's electrical resistance. The temperature of activated carbon bed in adsorption column was controlled by means of a Pt 100 sensor coupled with a thermoregulator and a contactor which caused switch on/off of electrodes voltage. The power fed to the bed is also regulated according to feedback obtained via the Pt 100 sensor. The heat power was regulated to achieve a desired mean bed temperature, which corresponds to the thermoregulator set point.
The electrothermal desorption experiments were performed in the following invariability range of operating parameters: voltage 25-30 V, nitrogen flow 0.1-0.2 m 3 =h and the temperature set point 403-423 K. The nitrogen flow during regeneration was counter-current to the air flow direction during adsorption. The concentrated gas-desorbed vapour mixer from the adsorber was directed to a condenser where the IPA vapours were separated from the inert gas. Desorption duration in different ETSA cycles varied between 1.5 and 3 h. After cooling down to room temperature, regenerated activated carbon was used again for IPA vapours adsorption. A sample of activated carbon (S4-reg sample) was taken after 60 adsorption cycles of ETSA process.
Direct resistive heating of virgin carbon
Fresh Sorbonorit 4 was resistively heated up to 423 K and then cooled down to room temperature. Resistive heating was performed in a glass adsorption column (0.033 m i.d.) with a fixed-bed, 0.095 m in height. The column was an additional element of electrothermal regeneration section of ETSA system elaborated on in the previous paragraph. Resistive heating was conducted in inert atmosphere (nitrogen flow 0.18 m 3 =h), under the voltage of 20-30 V. A sample of activated carbon (S4-ohm sample) was taken for further analysis after 8 cycles of the process.
IPA adsorption isotherm measurements
The measurements of IPA vapour adsorption isotherms on Sorbonorit 4 activated carbon samples were conducted using intelligent gravimetric analyser IGA-002 supplied by Hiden Isochema LTD (Warrington, United Kingdom). The statistic gravimetric method was used. Analyser IGA-002 is fitted with a sensitive microbalance with a resolution of 0:1 lg and uncertainty of AE1 lg. The balance and pressure control system were fully thermostated to 0.2 K to eliminate changes in the external environment. A sample of activated carbon with a mass of ca. 80 mg was placed in the thermostated reactor chamber with accurate temperature control ðAE0:1 KÞ. The IPA liquid used to generate the vapour was placed in a thermostated reservoir at 328 K. Prior to isotherm measurements the Sorbonorit 4 sample was outgassed to constant weight at a high vacuum level ð10 À6 PaÞ at 393 K for 2h. IPA adsorption isotherm measurements were conducted at 293 and 298 K for different pressure set points in the relative pressure range of 0.001-0.8. Adsorption capacity of activated carbon was calculated for all isotherms as the ratio of adsorbed IPA and the weight of the adsorbent sample after degassing. A comprehensive description of the methodology of isotherm determination with IGA-002 is presented elsewhere (Fletcher et al. 2006 ; Nastaj and Aleksandrzak 2013).
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS), a surface technique in which the electron binding energies of atoms on the surface are used to determine the elemental composition and chemical states of samples, was used to determine the chemistry of Sorbonorit 4 sample surface. The XPS measurements were performed with XPS PHI 5000 VersaProbe (ULVAC-PHI, Japan/USA) using Al monochromatic X-ray radiation (15 kV and 25 W). XPS analysis was conducted at a high vacuum level (UHV) (the base pressure inside the analysis chamber of 10 À8 to 10 À9 mbar). One unbroken granule of each type of activated carbon was selected for analysis. The analyser was rastered on an area of 100 lm 9 100 lm at the photoelectron take off angle of 45
. Wide scan spectra in the binding energy range of 0-1400 eV were taken with 0.4 eV step intervals while spectra of specific regions (C1s, O1s) were measured with 0.1 eV step intervals. The spectra were analysed and processed using CasaXPS software.
Results and discussion
Breakthrough curve test results
Breakthrough curve (BTC) tests were conducted at ambient temperature (295-298 K) in the following conditions: inlet concentration of IPA vapours in air stream C 0 = 5-20 g=m 3 , gas flow rate 1.3-2.1 m 3 =h (superficial gas velocity 0.15-0.25 m/s). BTC shows the change in IPA vapour relative concentration ðC=C 0 Þ at the column outlet with adsorption time.
Figure 2 presents breakthrough curves for various feed concentrations at constant gas velocity 0:16 AE 0:01 m/s (flow rate 1:4 AE 0:5 m 3 =h). In cycle C1, adsorption was conducted on virgin activated carbon. Sorbonorit 4 regenerated with direct resistive method was used in other cycles. Prior to measurements of ETSA cyclic adsorption, the adsorbent was initially heated to 423 K under nitrogen and then cooled to ambient temperature. Finally, resistive heating characteristics were determined for pure adsorbent bed (Downarowicz and Nastaj 2002) . As shown in Fig. 2 , the higher the inlet concentration of adsorbate, the faster the breakthrough and the steeper its slope on the breakthrough curve. In a cyclic ETSA process, bed's useful service life at adsorption stage depends on inlet concentration, gas flow velocity and the degree of carbon regeneration. Too low adsorbent regeneration efficiency in a given ETSA cycle lowers adsorption duration in a successive cycle, as evidenced by shifted breakthrough curves in Figs. 2 and 3 determined for the same gas flow and inlet concentration valus in BTC tests. Carbon regeneration efficiency depends on operating conditions at electrothermal desorption stage (temperature, voltage, nitrogen flow rate). Efficiency increases with increasing values of voltage, temperature and process duration (Downarowicz and Gabruś 2008) . The bed temperature during the IPA desorption was the most homogenous when the regenerated activated carbon was fully saturated. The temperature and heating power profiles of the electrothermal process were discussed elsewhere (Downarowicz 2006) .
The breakthrough curves were characterized with following parameters: breakthrough time ðt 5 % Þ, throughput ratio (TPR) and length of unused bed (LUB). Breakthrough time denoted t 5 % is defined as time when outlet concentration was 5 % of inlet concentration. TPR characterises the slope of the breakthrough curve and is defined as (Sullivan et al. 2004 ):
where t 50 % is stoichiometrc breakthrough time (time when the outlet concentration was 50 % of the inlet concentration).
Higher TPRs indicate a steeper BTC, where mass transfer limitations become less important.
LUB value determines how many per cent of adsorption capacity is not utilized at 5 % breakthrough time due to the length of the adsorption zone within the fixed-bed (Sullivan et al. 2004) :
where m 5 % is mass of adsorbate in the fixed-bed at 5 % breakthrough time and m 100 % mass of adsorbate in the adsorber when the adsorbent is saturated (full breakthrough). The BTC parameter values listed in Table 2 . The values of LUB and TPR are in the acceptable range of LUB values ðLUB 0:3Þ and TPR values ðTPR ! 0:7Þ for VOC vapour adsorption in electrothermal swing adsorption systems. The maximum LUB value for adsorption on granulated activated carbon can reach 0.5 (Sullivan et al. 2004) . Table 2 reveals that in adsorption cycles with superficial gas velocity below 0.17 m/s LUB values are generally lower. Consequently, at breakthrough time t 5 % , the unused length of bed was shorter.
The mass of IPA adsorbed during adsorption cycle was calculated from the area above the breakthrough curve at the column outlet (Ramirez et al. 2011) :
where m C=C 0 is mass of adsorbate (kg) at breakthrough time t C=C 0 (s); Q is gas flow rate ðm 3 =sÞ; C 0 and C are the inlet and outlet IPA vapour concentrations ðkg=m 3 Þ. Equation (3) expresses dependence between C=C 0 and time using the Thomas equation (Srivastava et al. 2008) :
where k Th is Thomas rate constant ðm 3 kg À1 s À1 Þ, Q is the gas flow rate ðm 3 s À1 Þ, q sat is the adsorption capacity of activated carbon ðkg kg À1 Þ, m AC is adsorbent mass (kg) and t is time (s).
The Thomas model is suitable for gas adsorption process with a constant flow rate. It employs the Langmuir isotherm and second-order reversible reaction kinetics. The model assumes plug-flow and neglects axial dispersion.
The calculate response breakthrough curve with parameters from Table 2 as the function of time are shown in Figs. 2 and 3. Equation parameters were determined with Statistica 10 software (StatSoft, Inc.) using the Levenberg-Marquardt method. A comparison of the Thomas model prediction to the experimental data also showed a good agreement between the inflection points and the shape of the curve. This is an indication that the model does correctly represent the IPA adsorption mechanisms on activated carbon. Therefore, the Thomas model can be applied for predicting the whole breakthrough curve. From such a curve, the adsorptive capacity of the adsorbent can be determined. Table 2 shows that the total adsorption capacity q sat is dependent on input concentration and the efficiency of adsorbent regeneration in preceding cycles. The adsorption capacity of Sorbonorit 4 in cycle C1, was slightly different than that in successive cycles (C2-C3) when adsorbate inlet concentration was 17-20 % lower and adsorption occurred on regenerated absorbent. It is probably the effect of initial heating of the virgin activated carbon bed prior to ETSA cyclic adsorption examination. The adverse effect of initial heating was also confirmed in vapour adsorption examination of other aliphatic alcohols on Sorbonorit 4 in ETSA system. Results are to be published in forthcoming papers.
A comparison of Sorbonorit 4 adsorption capacity values determined in BTC tests for the same inlet concentration values of the adsorbate shows that after 20 cycles adsorbent capacity was higher by 10-20 %, compared to preceding cycles. It depends on the regeneration degree of used adsorbent which affects BTC test outcomes in successive cycles. Changes in the adsorption capacity of activated carbon resistively heated are due to changes in the internal structure of Sorbonorit 4 and in the chemical composition of its surface. These findings were compared by adsorption equilibrium measurements by the gravimetric method and X-ray photoelectron spectroscopy examination. These are elaborated on at length below. Figure 4 presents experimental adsorption isotherms of IPA vapours on three Sorbonorit 4 samples: virgin (sample S4), direct resistively heated (S4-ohm sample) and electrothermally regenerated (S4-reg sample).
Adsorption isotherms of IPA
Adsorption equilibrium measurements by the gravimetric method were conducted at 293 and 298 K in the range of relative pressure p=p 0 from 0.001 to 0.8, where p is the current pressure and p 0 is the saturated vapour pressure. In the analysed pressure range all adsorption isotherms are classified as Type I in the IUPAC scheme. This seems to suggest that mainly micropores are to be found in Sorbonorit 4 samples and IPA vapour adsorption occurs according to the micropore filling mechanism (Bansal and Goyal 2005) . The shape of the initial part of adsorption isotherm depends on the adsorbent's heterogeneity and particularly on the content of surface oxygen groups that transform the surface nature of activated carbon from hydrophobic into hydrophilic (Bansal and Goyal 2005; Bradley and Rand 1995) . During the initial adsorption stages, alcohol molecules mainly bind to oxygen surface groups (Bae and Do 2006) . Figure 4 demonstrates that S4-ohm sample had the lowest adsorption capacity in the whole p=p 0 range following direct resistive heat treatment of pure adsorbent at 423 K. Regenerated activated carbon has the highest adsorption capacity and its adsorption isotherm of IPA vapours is shifted towards higher adsorption levels. This means that its porous structure has changed following many cycles of carbon regeneration in ETSA process.
The knees of IPA adsorption isotherms of S4 and S4-ohm samples are sharper than that for the S4-reg sample, which means that narrower micropores in the former are filled in the first place (Bradley and Rand 1995) . Within the region of medium and high relative pressures p=p 0 , the isotherms of S4 and S4-ohm gradually shift towards plateau and eventually reach the boundary adsorption values. i.e. the state when all pores are filled. This shape of isotherm is characteristic for adsorbends with poorly developed mesoporosity (Bae and Do 2006) . The isotherm of IPA vapours on S4-reg carbon has a more rounded knee while in the region of high p=p 0 pressures it is a curve with a slight positive slope. This shape is evidence for a wider distribution of micropore sizes and for higher mesopore content compared to other samples (Branton and Bradley 2011) .
Within the investigated range of IPA vapour pressures ðp=p 0 0:8Þ, we failed to observe hysteresis loop which would have confirmed that capillary condensation was taking place in wider pores.
The Tòth model was used to describe adsorption equilibrium of IPA vapours on Sorbonorit 4 carbon samples (Kumar et al. 2011 )
where q is the amount adsorbed at equilibrium ðkg kg À1 Þ, q m is the maximum adsorption capacity ðkg kg À1 Þ, b is a constant related to specific to adsorbate-adsorbent pairs ðPa t Þ and t is the Tòth isotherm exponent related to surface heterogeneity. The Tòth model provides a satisfactory description of IPA vapour adsorption in the whole investigated pressure range. Table 3 presents equation parameters determined with the nonlinear regression method using Statistica 10 software. The goodness-of-fit of a model to data was evaluated on the basis of average relative error:
where q exp is the experimental adsorption capacity, q mod is the calculated adsorption capacity, and N is the number of experimental points. The values of average relative error d demonstrate similar agreement of both temperatures. The values of t exponent in the Tòth isotherm equation ðt\1Þ indicate that the examined activated carbons are heterogeneous (Kumar et al. 2011) .
A comparison of adsorption capacity q and q sat at 298 K for the same adsorbate inlet concentrations calculated with the Tòth and Thomas models (Tables 4 and 2 , respectively) shows that Tòth isotherm for S4 sample provides the best fit for cycles C2-C20, while the isotherm for S4-reg for cycles C21-C60.
For S4-ohm sample, the Tòth equation yields underestimated values of adsorption capacity for all adsorption cycles, including cycle C1. Hence, eight cycles of resistive heating of pure Sorbonorit 4 led to a more substantial lowering of adsorbent capacity than one individual cycle of bed heating prior to cycle C1.
Characterisation of pore structure
The Dubinin-Radushkevich (DR) equation is widely used for determination of microporous structure in homogenous activated carbons (Nguyen and Do 2001) :
where W is the volume of adsorbate in the unit mass of adsorbent ðcm 3 g À1 Þ, W 0 is limiting micropore volume ðcm 3 g À1 Þ, E is the characteristic energy of the adsorption system ðJ mol À1 Þ, T is absolute temperature (K), p is the pressure in the gas phase, p 0 is the IPA saturation vapour pressure at temperature T, R is ideal gas constant ð8:314J mol À1 K À1 Þ. The values of DR micropore volume W at relative pressure p=p 0 were calculated as the product of liquid molar volume of IPA at 293 K and experimental concentrations of adsorbate q ðmol kg À1 Þ. In order to determine the parameters of the DR equation, its linear form can be used:
Figure 5 presents curves of ln W in relation to ln 2 ðp 0 =pÞ for IPA vapour adsorption on Sorbonorit 4 samples. The curves are linear in narrow pressure ranges p=p 0 . In the pressure range of p=p 0 [ 0:4 (low values of ln 2 ðp 0 =pÞ) all the curves deviate from type C linearity, according to the Marsh-Rand classification (Bradley and Rand 1995) . Such deviations are characteristic for adsorption in pores larger than micropores. In the pressure range of p=p 0 \0:1, the curves of all samples display nonlinear deviation of type A which is characteristic for adsorbends with a wide distribution of micropore sizes (Bradley and Rand 1995) .
The shape of characteristic curves for lnW in relation to ln 2 ðp 0 =pÞ indicates heterogeneity of the internal structure in the investigated carbons, formed by pores of various sizes. The structural heterogeneity of fresh Sorbonorit 4 is confirmed by results of pore size distribution analysis using the Barrett-Joyner-Halend method (BJH) from nitrogen adsorption isotherm at 77 K, presented elsewhere (Kavitha 2010) . Analysis shows that in the range of 1-50 nm, fresh Sorbonorit 4 contains three groups of pores: micropores (1.2-1.4 nm in size), supermicropores (1.4-3 nm) and mesopores (3-50 nm). Such pore size distribution is (Bansal and Goyal 2005) . A modified Dubinin-Astahov equation (D-A) was used to describe IPA vapour adsorption on structurally heterogeneous adsorbents (Gil and Grange 1996) :
where h is the relative adsorption, defined as the ratio of the amount adsorbed in micropores W to the limiting micropore adsorption capacity W 0 , A is adsorption potential, defined as A ¼ RTlnðp 0 =pÞ, f i denotes the fraction of adsorption sites located in micropores with an adsorption characteristic energy E i , exponent n, is a measure of the heterogeneity of the adsorbent-adsorbate system. Equation (9) is based on the assumption that an adsorbent possesses micropores of the same shape but different sizes. The concentration of a micropore group can be calculated from Equation (Gil and Grange 1996) :
where W 0 is the total micropore volume defined as the sum of volumes of successive micropore fractions W 0 i :
The parameters W 0 i and E i were calculated from slopes ðRT=E i Þ n and intercepts lnðW 0 i Þ of linear sections of ln(W) in relation to A n by means of the least squares method. The values of exponent n were selected from the range of 1-4 (Carrasco- Marin et al. 1996) to obtain the best fit of experimental and calculated results. The calculations were conducted in the range of relative pressures p=p 0 6 0:4 which satisfy the formal conditions of D-A equation. (9) for IPA-Sorbonorit 4 systems and total volumes of adsorbate W t determined experimentally for the relative pressure p=p 0 ¼ 0:8 at 293 K. A comparison of W t values shows that the adsorption capacity of S4-ohm sample is lower by 17 % than that of S4 sample. By contrast, the capacity of S4-reg sample is greater by 28 %.
Data from Table 5 indicate that adsorption of IPA vapours on S4 and S4-ohm samples occurs following the filling of two micropore fractions. Initially, at low pressure values p=p 0 ð0:002\p=p 0 \0:1Þ, adsorption in narrow micropores with volume W 01 and characteristics adsorption energy E 1 is observed. Micropores with energy E 2 are filled in the region of higher pressures p=p 0 . Consequently, both adsorbents have a bimodal structure with dominating narrower micropores. High values of adsorption energy E 1 are due to overlapping forces of adsorption fields of opposite walls in narrow micropores (Bradley and Rand 1995) .
The adsorption energy E 1 in S4 and S4-ohm samples is about 3.5 times larger than energy E 2 characterising the fraction of wider micropores. S4-reg carbon contains only one fraction of micropores with the lowest energy E 1 out of all the examined carbon samples. The values of exponent n for S4-reg sample is within the range 2\n\3, which is typical for activated carbons with relatively homogeneous micropores (Bansal and Goyal 2005) . Values n [ 3 (S4 and S4-ohm samples) are characteristic for adsorbents with narrow micropores of small size range (Erdem-Ş enatalar et al. 2000) .
The difference between the total micropore volume W t and specific micropore value W 0 (Table 5) shows that each analysed carbon contains mesopores which are filled at higher pressures of IPA vapours. 2 % (S4-ohm sample), 4 % (S4 sample) and 8 % (S4-reg sample) of total adsorbate is adsorbed in such pores for the relative pressure p=p 0 ¼ 0:8.
Chemical structure of the activated carbon surface
Adsorption properties of activated carbon depend both on its porous structure (shape, pore size and volume) and on the chemistry of its surface. The surface groups are bonded to the edges and corners of the aromatic sheets (Bansal and Goyal 2005) . The behaviour of carbon surface and its functional groups depends on the size and shape of sheets, the presence and location of other groups and p-electrons. XPS spectra provide data about the elemental composition of the outer layers of activated carbon (the analysis depth is about 10 À12 nm). Figure 6 presents wide scan spectra in the binding energy range of 0-1,400 eV for all Sorbonorit 4 samples. The spectra were used to identify elements in narrow energy regions. Interpretation of XPS spectra is based on binding energies (BE) from reference compounds. For all the samples, spectra consist of two independent peaks, C1s at 285 eV and O1s at 532 eV. Narrow scan spectra C1s in the region of 285 eV (Fig. 7) and O1s at 535.5 eV (Fig. 8) were used for quantitative analysis of the elemental surface composition of Sorbonorit 4 samples and to identify the chemical states of both elements.
Data in Table 6 shows that elemental carbon is the main component in the surface of the analysed activated carbon. Its concentration ranges from 93 to 96 %. The O/C ratio shows that the degree of carbon surface oxidation decreases as a result of resistive heating in inert atmosphere (S4-ohm sample) and increases following electrothermal regeneration (S4-reg sample). Similar changes affecting the degree of surface oxidation were reported in literature (Hashisho et al. 2005; Tazibet et al. 2014) .
A broad asymmetric shape (Fig. 7) extending from 282 to 294 eV indicates the presence of several carbon species of different binding energies (Lee and Reucroft 1999) . The maximum of C1s peak for S4-reg sample is lower relative to other peaks. It means that the chemical state of carbon surface was changed following cyclic adsorption. In order to identify specific surface carbon groups, C1s spectra were deconvoluted into components using CasaXPS software. Then, relative concentration of all functional groups were calculated based on peak areas. An iterative least-squares fitting algorithm was used to decompose XPS peaks, the curves being taken as 30 % Gaussian and 70 % Lorenzian. Figure 9 presents an example of C1s spectrum for pure Sorbonorit 4 deconvoluted into functional group contributions. As a result of deconvolution of C1s spectrum, seven constituent peaks were obtained with the following BE values: 283.7, 284.6, 285, 286.6, 287.2, 289 .1 and 291 eV. Based on BE values, the following components were identified: aromatic carbon (peak B), aliphatic carbon (peak C), functional carbon atoms present in hydroxyl groups of phenolic character (peak D), carbonyl (peak E) and carboxyl groups (peak F). The most intensive peak in C1s spectrum represents aromatic carbon, belonging to graphite-like domains with hexagonal carbon rings. The satellite peak at 290.5 eV is induced by a cloud of p-electrons observed in activated carbon. Deconvolution of O1s spectrum (Fig. 10 ) demonstrated the presence of two oxygen group contributions with the binding energy of 531.6 eV (A peak) and 532.9 eV (B peak). The A peak with lower binding energy is associated with oxygen doubly bound to carbon (C=O in carbonyl or carboxyl groups). The B peak corresponds to oxygen with a single bond to carbon (C-O in alcohol groups). Table 7 presents the values of binding energy and relative content of functional groups for all carbon samples. Relative content of oxygen was defined as the sum of atomic contributions in oxygen functional groups (Chiang and Chen 2010) . The chemical composition of the surface of virgin activated carbon (S4 sample) depends on the type of precursor activating agent (steam), carbonisation and activation conditions (Bansal and Goyal 2005) . Table 7 shows that non-functionalised carbons (aromatic and aliphatic carbons) are the main surface components of Sorbonorit 4 carbons. For virgin carbon (S4 sample), they make up 61 % of the total area of C1s peak region, with dominating aromatic carbons (aliphatic/aromatic carbon ratio of 27 %). As a result of resistive heating in inert atmosphere at 423 K (S4-ohm sample) the content of nonfunctionalised carbons dropped to 54 % and the aliphatic to aromatic carbon ratio fell to 24 %. As a result of electrothermal regeneration (S4-reg sample) the content of aliphatic carbons increased due partial decomposition of aromatic rings (aliphatic/aromatic carbon ratio of 35 %). The percentage share of non-functionalised carbons is comparable with S4-ohm sample. Following concentration changes in hydrocarbon groups, the concentration of pelectrons which are voltage carriers also changes. The highest intensities of the p-p* transitions in aromatic rings were recorded for S4-ohm and the lowest for S4-reg. An increase of carbon S4-reg surface oxidation is the cause of the impoverishment of p-electron binding in aromatic sheets (Chiang and Chen 2010; Daud and Houshamnd 2010) .
All oxygen functional groups identified on the surface of Sorbonorit 4 samples (Table 7) are acidic groups (Bansal and Goyal 2005) . The groups are present mainly at the edges and corners of the aromatic sheets. Resistive heating of Sorbonorit 4 (S4-ohm sample) results in a substantial increase of the content of hydroxyl surface groups. The groups play the role of primary active centres. Adsorbed alcohol molecules bind to them and form clusters located in the vicinity of micropore internal structures (Agnihotri et al. 2005; Tamon and Okazaki 1996) . A substantial 
Conclusions
The adsorption properties of an adsorbate-adsorbent system determine its performance in a cyclic ETSA process. The process involves the use of activated carbon which conducts electrical current. The electrical characteristics of the adsorbent must enable the effective regeneration using the direct resistive heating. The requirements are fulfilled by some types of granular activated carbon, activated carbon monolith and ACFC. The paper presented the influence of direct resistive heating on the adsorption properties of Sorbonorit 4 activated carbon used for the adsorption of IPA vapours in an ETSA process. BTC tests in ETSA system showed that the adsorption efficiency of IPA vapours on Sorbonorit 4 is dependent on adsorbate input concentration, purified gas flow rate and the degree of adsorbent regeneration in a preceding adsorption cycle. Improperly selected operation parameters of electrothermal desorption and too limited duration of the process lead to a shortened service life of a fixed-bed at the adsorption phase in a successive ETSA cycle. The Thomas model well fitted the experimental breakthrough curves for IPA vapours on Sorbonorit 4. Its maximum adsorption capacity values determined in BTC tests indicate that the adsorption capacity of activated carbon increases following multiple cycles of electrothermal regeneration.
The nature of electrothermally-induced changes in the internal structure of Sorbonorit 4 and in the chemical composition of its surface were assessed based on adsorption equilibrium measurements by the gravimetric and XPS methods. Three samples of virgin, resistively heated and electrothermally regenerated Sorbonorit 4 were used. Adsorption isotherm model demonstrated that Sorbonorit 4 is a heterogeneous adsorbent and that the Tòth equation provides a good agreement with experimental data.
The structural characteristics of activated carbon determined with a modified Dubinin-Astakhov equation show that pure and resistive heated Sorbonorit 4 has a bimodal structure, formed by two micropore fractions, with the energetic fraction being the dominant one while regenerated Sorbonorit 4 contains only one fraction of micropores. XPS analysis revealed that the same hydroxyl, carbonyl and carboxyl groups were found on the surface of all Sorbonorit 4 samples, albeit in different volume ratios. As a result of direct resistive heating, the adsorption capacity of Sorbonorit 4 decreased by approximately 18 % compared to that of pure carbon. The equilibrium adsorption capacity of regenerated Sorbonorit 4 is by approximately 20 % higher than that of pure carbon owing to electrothermal heating-induced structural changes and altered surface chemistry.
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